Abstract A single nucleotide polymorphism (SNP) in KIF6, a member of the KIF9 family of kinesins, is associated with diVerential coronary event reduction from statin therapy in four randomized controlled trials; this SNP (rs20455) is also associated with the risk for coronary heart disease (CHD) in multiple prospective studies. We investigated whether other common SNPs in the KIF6 region were associated with event reduction from statin therapy. Of the 170 SNPs in the KIF6 region investigated in the Cholesterol and Recurrent Events trial (CARE), 28 were associated with diVerential event reduction from statin therapy (P interaction < 0.1 in Caucasians, adjusted for age and sex) and were further investigated in the Pravastatin or Atorvastatin Evaluation and Infection Therapy-Thrombolysis In Myocardial Infarction 22 (PROVE IT-TIMI22) and West of Scotland Coronary Prevention Study (WOSCOPS).
Introduction
The risk for coronary heart disease (CHD) varies between individuals and can be ameliorated by lifestyle changes and medications such as statins. Although statins have been shown to be highly eVective in reducing CHD events in randomized controlled trials, individual response to statin therapy varies (reviewed in Mangravite et al. 2006; Schmitz and Langmann 2006) , a variability thought to be partly due to genetic factors.
Recently, a common single nucleotide polymorphism (SNP) in KIF6, a member of the KIF9 family of kinesins, has been reported to be associated with CHD risk and diVerential reduction of coronary events from statin therapy (Bare et al. 2007; Iakoubova et al. 2008a Iakoubova et al. , b, 2009 ShiVman et al. 2008a, b) ; this SNP (rs20455) encodes the missense polymorphism KIF6 Trp719Arg. In a meta-analysis of seven prospective studies, carriers of the 719Arg variant had over 20% increased risk of CHD, compared with noncarriers (P = 1.02 £ 10 ¡6 ) (Li et al. 2010 ). This increased risk was independent of traditional risk factors including age, blood pressure, diabetes, smoking, low-density lipoprotein cholesterol (LDL-C) or high-density lipoprotein cholesterol (HDL-C). However, an association between the KIF6 Trp719Arg polymorphism and CHD was not observed in two case-control studies (Stewart et al. 2009; Wellcome Trust Case Control Consortium 2007) , possibly due to statin use.
The 719Arg variant was also associated with greater reduction of coronary events from both pravastatin (a hydrophilic statin) and atorvastatin (a lipophilic statin) therapy. In retrospective genetic analyses of four prospective clinical trials, the Cholesterol and Recurrent Events trial (CARE) (Sacks et al. 1996) , the West of Scotland Coronary Prevention Study (WOSCOPS) (Shepherd et al. 1995) , Pravastatin or Atorvastatin Evaluation and Infection Therapy-Thrombolysis In Myocardial Infarction 22 (PROVE IT-TIMI22) (Cannon et al. 2004) , and the PROspective Study of Pravastatin in the Elderly at Risk (PROSPER), carriers of the 719Arg variant (»60% of people of European ancestry) had substantial and signiWcant reduction of CHD events from statin therapy, whereas non-carriers did not (Iakoubova et al. , b, 2009 ).
Here we have conducted a Wne mapping study to determine (1) whether other SNPs or haplotypes in the KIF6 region account for the association of rs20455 (Trp719Arg) with diVerential coronary event reduction from statin therapy and (2) whether other variants in the KIF6 region are independently associated with diVerential reduction of events from statin therapy.
Methods

Study population
The populations in this genetic study were derived from three prospective double blind, randomized clinical trials that evaluated the eVect of statin therapy on coronary events: CARE, PROVE IT-TIMI22, and WOSCOPS. CARE evaluated the eVect of 40 mg/day pravastatin, compared with placebo, on the reduction of fatal CHD and nonfatal myocardial infarction (MI) in men and women with a prior MI and LDL-C levels between 115 and 174 mg/dL (average age of 59 years old); WOSC-OPS evaluated the eVect of 40 mg/day pravastatin, compared with placebo, on the reduction of fatal and nonfatal CHD in men with LDL-C levels between 174 and 232 mg/dL (age ranged from 45 to 64 years old) and no history of MI; PROVE IT-TIMI 22 evaluated the eVect of intensive statin therapy (80 mg/day atorvastatin), compared with moderate statin therapy (40 mg/ day pravastatin), on fatal and nonfatal cardiovascular events in men and women after acute coronary syndromes (average age of 58 years old). The average follow-up period was 5, 2 and 4.9 years for the CARE, PROVE IT-TIMI 22 and WOSCOPS trials, respectively. The current genetic analyses were performed in those patients whose DNA was available: 2,913 in CARE, 1,817 in PROVE IT-TIMI22, and 1,570 in WOSCOPS; note that for WOSCOPS we obtained access to a previously described nested case-control study that included all cases, who had CHD events and age-and smoking status-matched controls who did not have events during the WOSCOPS trial (Packard et al. 2000) . This study was limited to Caucasian patients to avoid complications arising from potential diVerences in linkage disequilibrium (LD) structure in diVerent populations and because each trial enrolled only about 10% or fewer non-Caucasian patients. Characteristics of the patients included in this genetic study can be found in Supplementary  Table 1 .
The endpoints were either the primary endpoint of the original clinical trials (for CARE and PROVE IT-TIMI22) or that of the previously reported nested casecontrol study of WOSCOPS (Packard et al. 2000) . For CARE, the endpoint was fatal coronary event or nonfatal MI ; for PROVE IT-TIMI22, the endpoint was death from any cause or major cardiovascular events including MI, revascularization, unstable angina requiring hospitalization and stroke (Cannon et al. 2004) ; and for WOSCOPS, the endpoint was CHD death, nonfatal MI, and revascularization (Shepherd et al. 1995) . Genotypes were determined in a core facility by either allele-speciWc real-time PCR (Germer et al. 2000) or multiplexed PCR of genomic DNA followed by multiplexed allele detection (Iannone et al. 2000) . Genotyping was carried out in plates with randomly arrayed samples, and genotype calls were made without the knowledge of the sample event status.
SNP selection
The interrogated region on chromosome 6 spanned from 39,392,028 to 39,809,728 bp, corresponding to the positions of rs1535500 and rs215497. This region includes the entire KIF6 gene plus 8.6 kbp upstream and 18.8 kbp downstream of the KIF6 gene (Fig. 1) . A total of 178 SNPs in this KIF6 region were genotyped in CARE, including rs20455 and 26 other SNPs whose association with risk of CHD had been investigated previously . Of the 178 SNPs included in this study, the genotype distributions of Wve SNPs did not meet Hardy-Weinberg expectations (P < 0.001) and three SNPs had an allele frequency less than 2%; the remaining 170 SNPs were analyzed for association with diVerential coronary event reduction from statin therapy. All 450 SNPs in the KIF6 region in the HapMap dataset (de Bakker et al. 2005 ) with an allele frequency greater than 2% were either included in these 170 SNPs or in LD (r 2 > 0.8) with one of the 170 SNPs.
One objective of the current study was to determine the presence of a SNP in the KIF6 region that could explain the association of KIF6 Trp719Arg SNP with diVerential reduction of coronary events from statin. Therefore, to avoid missing such a hypothetical 'causative' SNP that, by chance, had a weak association in one of the studies we set a relaxed threshold (P interaction < 0.1) for advancing SNPs from one study to the next. Therefore, the Xow of the study was as following: SNPs were Wrst tested in CARE, and those that were associated with diVerential reduction of events from statin therapy (P interaction < 0.1) were then analyzed in PROVE IT-TIMI22. SNPs that were associated with statin response in PROVE IT-TIMI22 (P interaction < 0.1 and hazard ratio in the same direction as in CARE) were further analyzed in WOSCOPS. We adopted this sequence of analysis partly because only a limited amount of DNA was available from patients in the WOSCOPS study.
Statistical analyses
Genotype distribution in the individual studies was tested for deviation from Hardy-Weinberg equilibrium (HWE) by an exact test.
For each SNP, likelihood ratio tests comparing Cox (CARE and PROVE IT-TIMI22) or logistic regression models (WOSCOPS) with and without an interaction term between genotype and statin therapy were used to evaluate heterogeneity (measured by P interaction ) of event reduction from statin therapy. Additive, dominant, and recessive models for each SNP were coded using the major allele (deWned in CARE) as the reference allele so that the direction of estimated parameters would be consistently measured across all three studies.
The LD measure r 2 was calculated from unphased data with the LDMAX program in the GOLD package (Abecasis and Cookson 2000). Haplotype frequencies were estimated from the genotype data and, using the posterior probabilities of possible haplotype pairs for each subject, tested for association with heterogeneity of event reduction from statin therapy using logistic regression as implemented in the R package haplo.stats (Lake et al. 2003; Schaid et al. 2002) . A sliding window was used to select haplotypes consisting of three or Wve adjacent SNPs.
Results
To Wne map the KIF6 region, we analyzed 170 SNPs to determine whether reduction of fatal CHD or conWrmed nonfatal MI events from statin therapy in CARE diVered between genotype-deWned subgroups as assessed by the interaction between genotype and treatment group (P interaction , see "Methods"). We found that 44 SNPs met the P interaction threshold of <0.1 (Supplementary Tables 2,  3 and 4) . Of the 17 SNPs associated with diVerential reduction of events from statin therapy in the recessive model, 16 SNPs were excluded from further analysis, because for each of these SNPs, fewer than 4% of the patients were minor homozygotes and there were very few events (<10) among the minor homozygotes. The remaining 28 SNPs (including rs20455) associated with diVerential reduction of events from statin therapy included 12 SNPs that were in LD with rs20455 and clustered in a 53 kbp region (Fig. 1, indicated by a green bar above the LD map).
We then analyzed these 28 SNPs in the PROVE IT-TIMI22 cohort using the genetic model for each SNP that was most signiWcant in the CARE analysis. Six SNPs were associated with diVerential event reduction from statin therapy (P interaction < 0.1) in PROVE IT-TIMI22, and event reduction from statin therapy was greatest in the same genotype for all six SNPs: 2 in the additive model and 4 in the dominant model (Supplementary Tables 5 and 6 ). Further analyses of these six SNPs in the WOSCOPS study showed that three SNPs (rs20455, rs9462535 and rs9471077) were diVerentially associated with coronary event reduction by statin use (P interaction < 0.1, dominant model; Table 1 ; Fig. 2 ). These three SNPs were in high LD with each other (r 2 = 0.84-0.98) (Supplementary Table 7 ). We next carried out haplotype analyses in CARE in the 53 kbp region of high LD surrounding rs20455 (green bar in Fig. 1 ) using a sliding window approach (Schaid et al. 2002) . Results of haplotypes comprising three SNPs along with the results of the most signiWcant individual SNP in a given haplotype are shown in Supplemental Fig. 1 . In CARE, only the haplotypes based on rs45460596, rs9394585 and rs9357303 were more signiWcantly associated with event reduction than the best of the three SNPs Table 1 Association of the three SNPs in the KIF6 region with diVerential reduction of coronary events from statin therapy in CARE, PROVE IT-TIMI 22 and WOSCOPS studies * Drug was Pravastatin in CARE and WOSCPS and Atorvastatin in PROVE IT-TIMI22; Comparator was placebo in CARE and WOSCOPS and pravastatin in PROVE IT-TIMI22 ** Model 1 for CARE and PROVE IT-TIMI22 is adjusted for age and sex; WOSCOPS is unadjusted *** Model 2 is adjusted for age, smoking, hypertension, diabetes, high-density cholestrol (HDL-C) level, and non-HDL-C level; additional adjustments include sex and body mas index for CARE, sex and treatment for gatiXoxacin for PROVE IT-TIMI22 alone (dominant P interaction = 0.0088 vs. 0.097); however, in PROVE IT-TIMI22 these haplotypes were not associated with event reduction (dominant haplotype P interaction = 0.55). Testing of haplotypes consisting of Wve adjacent SNPs did not reveal any haplotype that was more signiWcant than the corresponding individual SNPs (data not shown).
We also carried out a haplotype analysis in CARE of the three SNPs (rs9471077, rs9462535, and rs20455) that were associated with event reduction in all three studies. Two common (>5%) haplotypes were observed, which corresponded to KIF6 710Arg carriers and non-carriers (data not shown). Due to the high LD between these three SNPs, we were unable to diVerentiate the eVects of one SNP from another despite exploring both pairwise adjustment and stepwise regression analyses. For example, there were only six events each in placebo and statin-treated subjects among the combinations where the genotypes are discordant (data not shown).
Since rs20455 had also been reported to be associated with CHD, we analyzed association of the two other SNPs (rs9462535 and rs9471077) that were consistently associated with event reduction in CARE and WOSCOPS. We found that they were also associated with CHD (Table 2) .
Discussion
This study was designed to investigate whether (1) the previously reported association of rs20455 (Trp719Arg) with coronary event reduction from statin therapy could be better explained by another SNP in the KIF6 region and (2) other SNPs in the KIF6 region were associated with coronary event reduction from statin therapy independently of rs20455. We found that two additional SNPs in strong LD with rs20455 were consistently associated (P interaction < 0.1) with diVerential reduction of clinical events from statin therapy in the CARE, WOSCOPS, and PROVE IT-TIMI22 studies. These two SNPs are located in introns, while rs20455 is a missense polymorphism in the KIF6 gene.
Previously, we have tested 27 SNPs, including rs20455, in a 95.5 kbp portion of the KIF6 region (from position 39,347,330 to position 39,442,863 on chromosome 6) for association with CHD in the placebo arms of the CARE and WOSCOPS studies ). This study expands the interrogated region and focuses on diVerential event reduction from statin therapy, an eVect of particular clinical interest. The three SNPs that we found to be associated with diVerential response to statin therapy are highly correlated and thus indistinguishable from each Fig. 2 EVect of statin therapy on coronary events stratiWed by the genotype of three SNPs in CARE, PROVE IT-TIMI22 and WOSCOPS studies. The hazard ratios or odds ratios were calculated for Model 2 in Table 1   Table 2 Association of the three SNPs in the KIF6 region and coronary events in the placebo groups of CARE and WOSCOPS * Model 1 for CARE is adjusted for age and sex; WOSCOPS is unadjusted ** Model 2 is adjusted for age, smoking, hypertension, diabetes, body mass index, high density cholesterol (HDL-C) level, and non-HDL-C level; CARE is also adjusted for sex other in this association. However, the possibility that the 719Trp versus 719Arg variation has functional consequences is supported by the BLOSUM62 score of ¡3 for this variation. The BLOSUM62 score is the log odds for amino acid substitutions in conserved protein blocks (HenikoV and HenikoV 1992) , and a score of ¡3 indicates a less likely substitution. As the Trp719Arg substitution is near the putative cargo-binding tail domain of the kinesin, it would be interesting to determine whether the amino acid change aVects the binding of cargo molecules by the KIF6 protein.
One limitation of our study is that we were unable to deWne the causal variant with certainty. Strategies to identify causal variants include performing genetic association studies in a diVerent population that might have a distinct LD structure for these tightly linked SNPs from the initial studies. The CARE and PROVE IT-TIMI22 cohorts had small numbers of non-Caucasian participants; therefore, the power to conduct an association study in the non-Caucasian population is limited. Another limitation is that PROVE IT-TIMI22 may not be comparable to CARE and WOSCOPS-the former tested intensive statin therapy compared with moderate statin therapy, while the latter tested 40 mg/day pravastatin compared with placebo. Therefore, by including PROVE IT-TIMI22, we may have missed the SNPs that are capable of predicting event reduction response to pravastatin compared with placebo but not intensive statin therapy compared with moderate statin therapy. Such SNPs may be independent from rs20455, which predicts diVerential event reduction from both 40 mg/day pravastatin compared with placebo and intensive statin therapy compared with moderate statin therapy. In addition, PROVE IT-TIMI22 primary endpoint included a small fraction (5.2% of primary events) of death from presumably non-cardiovascular events, while the CARE endpoint and the WOSCOPS case deWnition did not include non-cardiovascular death.
In conclusion, we have identiWed three highly linked SNPs in the KIF6 region that predict diVerential reduction of coronary events from statin therapy. Functional characterization of these variants is warranted and could help to explain the role of KIF6 in the pathogenesis of CHD and the variable event reduction in response to statin therapy.
